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Abstract: A combination of the rainfall-runoff module of the Xin’anjiang model, the Muskingum routing
method, the water stage simulating hydrologic method, the diffusion wave nonlinear water stage method, and
the real-time error correction method is applied to the real-time flood forecasting and regulation of the Huai
River with flood diversion and retarding areas. The Xin’anjiang model is used to forecast the flood discharge
hydrograph of the upstream and tributary. The flood routing of the main channel and flood diversion areas is
based on the Muskingum method. The water stage of the downstream boundary condition is calculated with
the water stage simulating hydrologic method and the water stages of each cross section are calculated from
downstream to upstream with the diffusion wave nonlinear water stage method. The input flood discharge
hydrograph from the main channel to the flood diversion area is estimated with the fixed split ratio of the main
channel discharge. The flood flow inside the flood retarding area is calculated as a reservoir with the water
balance method. The faded-memory forgetting factor least square of error series is used as the real-time error
correction method for forecasting discharge and water stage. As an example, the combined models were
applied to flood forecasting and regulation of the upper reaches of the Huai River above Lutaizi during the
2007 flood season. The forecast achieves a high accuracy and the results show that the combined models
provide a scientific way of flood forecasting and regulation for a complex watershed with flood diversion and
retarding areas.
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1 Introduction
A large watershed is always a complex system. The hydrologic system in a large
watershed is stochastic and nonlinear in essence (Ge 1999), and there are usually many
hydraulic projects, such as reservoirs, gates, dams, and, especially, flood diversion and
retarding areas. The Huai River is such a system. To forecast the flood hydrograph with high
accuracy is not easy, especially when the flood diversion and retarding areas are being used.
Therefore, hydrologic and hydraulic methods have been combined for flood forecasting (Li
2004). In this study, the combined methods of the rainfall-runoff module of the Xin’anjiang
model, the Muskingum routing method, the water stage simulating hydrologic method, the
diffusion wave nonlinear water stage method and the real-time error correction method were
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applied to flood forecasting and regulation of the upper reaches of the Huai River above
Lutaizi during the 2007 flood season.
1.1 Study watershed and channel
The Huai River is located between latitudes 31°N and 35°N and longitudes 112ºE and
121ºE. It originates in the Tongbai Mountains of Henan Province, flows into the Yangtze River
and covers four provinces. The length of the main channel of the Huai River is 1 000 km and
the total area of the watershed is 1.912×105 km2. There are over 100 reservoirs in the Huaihe
watershed, over 20 large gates for flood control and irrigation along the river system, 18 flood
diversion areas and nine flood retarding areas. The Huai River can be divided into the upper,
middle and lower streams. The upper reaches above Wangjiaba, with a catchment area of
3.08×104 km2, are regarded as the upper stream, where the channel bed slope and the flow
velocity are large. The area from Wangjiaba to Sanhe Gate is the middle stream, in which the
channel has a gentle slope. All 27 flood diversion and retarding areas are situated in the middle
stream. The lower reaches below Sanhe Gate constitute the lower stream of the Huai River.
The study area is a reach of the middle stream from Wangjiaba to Lutaizi, which drains an area
of 8.86×104 km2 (Figures 1 and 2). The length of the channel from Wangjiaba to Lutaizi is
155.16 km. There are three flood diversion areas, five flood retarding areas and nine large
reservoirs inside the study area. There are three large tributaries: the Shi River and Pi River to
the south of the Huai River, and the Shaying River to the north.
Figure 1 Sketch of upper reaches of Huai River above Lutaizi
Figure 2 Sketch of Huai River channel from Wangjiaba to Lutaizi
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1.2 Flood forecasting and regulation scheme
The outflow of every reservoir after flood regulation is the input flow in flood forecasting,
but not every reservoir’s runoff is included, so only the flood regulation of the flood diversion
and retarding areas is described below. The flood diversion area is a pond or floodplain beside
the main channel, with a gate that can control the input and output flow. The input flow from
the main channel to the flood diversion area is the overflow of a temporarily broken dyke or a
planned weir. The input flood is stored in the pond or floodplain. When the pond or floodplain
fills, the flood flows to the main channel or next pond.
The discharge hydrographs of Wangjiaba, Jiangjiaji, Hengpaitou and Fuyang hydrologic
stations are forecasted by Xin’anjiang model. Wangjiaba Hydrologic Station is the last and
most important station of the upper stream. According to the locations of hydrologic stations,
rain gauges and natural river boundaries, the sub-watersheds of Bantai, Xixian, Huangchuan
and Beimiaoji are divided and their discharge hydrographs are forecasted with the Xin’anjiang
model. Then, the flood discharge at Wangjiaba is combined with flow routing for Bantai,
Xixian and Beimiaoji. At first, the discharge hydrograph of the main channel and diversion
area from Wangjiaba to Lutaizi is routed from upstream to downstream with the Muskingum
method. Then, the water stage at Lutaizi is calculated based on the forecasted discharge with
the water stage simulating hydrologic method. The water stage from Lutaizi to Wangjiaba is
calculated from downstream to upstream with the diffusion wave nonlinear water stage
method. To guarantee the safety of cities downstream of Zhengyangguan Station along the banks
of the main channel, the water stage at Zhengyangguan Station should not exceed 26.50 m. If the
forecasted water stage of Zhengyangguan Station is over 26.50 m, the surplus flood volume
should be stored in a flood retarding area or diverted to a flood diversion area above Lutaizi
Station. If the flood diversion area or retarding area is used, the forecasted discharge and water
stage of the main channel from Wangjiaba to Lutaizi should be calculated again.
The watershed flow concentration time of Wangjiaba is about three days and channel
flow concentration time from Wangjiaba to Lutaizi is two days. The normal time steps for
rainfall data collection are two and six hours at present, so a 6-hour time step is used in
real-time flood forecasting.
2 Calibration and verification of Xin’anjing model
There are four main hydrological stations in the upper watershed of Wangjiaba: Bantai,
Xixian, Huangchuan and Beimiaoji, which divide the watershed into four sub-watersheds. The
discharge hydrographs for each sub-watershed are forecasted with the Xin’anjiang model.
Jiangjiaji, Hengpaitou and Fuyang are the main hydrologic stations on each of the three
separate tributaries. Some characteristics of the sub-watersheds are listed in Table 1 and the
results for the Xixian sub-watershed are presented as an example of calibration of the
Xin’anjiang model. Measured daily evaporation data from Xixian are used for model
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calibration.
Table 1 Characteristics of sub-watersheds
Sub-watershed
Area of
sub-watershed
(km2)
Number of
rain gauges
Number of
flood
events
Number of
inflows
or reservoirs
Xixian 8 826 11 14 2
Bantai 5 001 11 10 2
Huangchuan 1 829 6 11 0
Beimiaoji 2 200 4 12 0
Jiangjiaji 3 000 8 11 2
Hengpaitou 1 100 5 13 2
Fuyang 9 450 11 13 1
2.1 Calibration of Xin’anjiang model
The Xin’anjiang model is a conceptual rainfall–runoff model widely used in humid and
semi-humid areas of China (Li 2005; Zhao 1983; Zhao and Liu 1996). Its four components are
evapotranspiration calculation, runoff production, runoff separation and flow routing. It is
necessary to divide the watershed into sub-watersheds in order to simulate the complex pattern
of physiography and rainfall. A uniform distribution of rainfall in every sub-basin is assumed.
The sub-basin parameters, 15 of the 17 parameters of the Xin’anjiang model (Table 2), may be
divided into four groups: (1) evapotranspiration parameters Kc, WUM, WLM and C; (2) runoff
production parameters WM, B and IM; (3) runoff separation parameters SM, EX, KG and KI;
(4) runoff concentration parameters CG, CI, CS and Lag.
Table 2 Parameters of Xin’anjiang model (Zhao and Liu 1996)
Parameter Physical description
Kc Ratio of potential evapotranspiration to pan evaporation
B Distribution exponential of tension water storage capacity
C Evapotranspiration coefficient of deeper layer
WM Tension water storage capacity
WUM Tension water storage capacity of upper layer
WLM Tension water storage capacity of lower layer
IM Ratio of impervious area to the total area of the basin
SM Free water storage capacity
EX Distribution exponential of free water storage capacity
KG Outflow coefficient of free water storage to the groundwater flow
KI Outflow coefficient of free water storage to the interflow
CG Recession constant of groundwater storage
CI Recession constant of lower interflow storage
CS Recession constant of channel network storage
Lag Lag time in sub-basin
The first and second groups are composed of parameters that are mainly related to the
runoff volume and water balance. These parameters do not theoretically depend on the time
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step. Several years’ hydrologic data were used to calibrate the model. The parameters of the
third and fourth groups are time scale-dependent and can be used with different time steps, but
should be recalibrated if flood event data are available (Zhao and Liu 1996). Daily rainfall,
discharge and evaporation data from 1980 to 1985 were used to calibrate the model parameters
via the trial-and-error method. The calculated annual runoff compares well with observed
runoff; the coefficient of determination Dy (Nemec 1986) exceeds 0.90 for each year (Table 3).
Model parameters were calibrated with 30 flood events, and the model was verified with 13
flood events. The calibrated and verified results of the model are highly accurate, making the
first grade of the Accuracy Standard of Hydrological Forecasting in China (HBC 2000).
To the south of the Huai River, the terrain is mountainous, whereas the land to the north
of the river is a plain, with good drainage, deep and thick topsoil and a water table several
meters below the surface. Surface runoff from the north of the basin is less than that from the
south during the same rainfall events. The difference in topographic characteristics was
considered in the calibration of the Xin’anjing model.
Table 3 Calibrated results for Xixian sub-watershed
Year Annualrainfall (mm)
Annual potential
evapotranspiration (mm)
Simulated annual
runoff (mm)
Observed annual
runoff (mm)
Relative
error (%) Dy
1980 1 472.2 705.3 1 142.5 1 121.5 1.87 0.95
1981 1 965.5 773.0 1 264.7 1 276.1 –4.13 0.91
1982 1 325.3 580.9 1 841.1 1 755.8 11.4 0.95
1983 1 392.4 632.9 1 258.8 1 278.0 –11.5 0.94
1984 1 852.4 538.9 1 230.8 1 241.0 14.2 0.90
1985 1 804.4 520.9 1 240.8 1 255.0 15.5 0.92
2.2 Estimating WM and SM from soil physical properties
In general, WM and SM are related to the soil texture and vegetation type. According to
the distribution of soil characteristics, eight different sampling sites were chosen to analyze
these parameters (Table 4) (Li 2004; Zhao 1994).
f w( )WM Lθ θ α= − (1)
s f( )SM Lθ θ= − K (2)
where fθ is field water content; wθ is residual water content; Lα is the thickness of the
aerated zone, which is considered 0.5 m to 0.9 m; sθ is saturated water content; and LK is the
thickness of the humus soil, which lies in a range from 0 m to 0.3 m, with a general value of
0.1 m (Zhao 1994). Land use data are obtained from the International Geosphere Biosphere
Program of the US Geological Survey with a resolution of 30Ǝ × 30Ǝ, and soil composition
data are obtained from a National Oceanic and Atmospheric Administration remote sensing
image with a resolution of 1º × 1º. Based on the obtained land use and soil component data,
combined with Table 3, accurate values of WM and SM can be calculated and analyzed. Taking
the Xixian sub-watershed as an example, land use and land cover are reclassified into four
categories: forest, mixed crop and natural vegetation, shrubbery, and urban land use. The soil
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type is clay-loam. According to this information, the water content and thickness of the aerated
zone and the humus soil are determined, and the corresponding value ranges of WM and SM are
derived. The value range of WM is from 113 mm to 150 mm. The value range of SM is from 17
mm to 25 mm. Therefore, values of 120 mm for WM and 20 mm for SM are reasonable.
Table 4 Characteristic soil parameters (WM and SM)
Number of
sampling
site
Sampling site features and soils θs θf θw LĮ(m)
WM
(mm)
SM
(mm)
1 Swamp: organic root system 0.550 0 0.300 0 0.150 0 0.50 75.00 25.00
2 Riverside sediments: clay 0.476 9 0.293 0 0.131 5 0.70 113.00 18.00
3 Riverside sediments: sand, clay 0.482 9 0.300 7 0.113 2 0.80 150.00 18.00
4 Forest slope: sand, silt, clay 0.476 2 0.293 7 0.129 3 0.90 148.00 18.00
5 Forest ground: sand, silt 0.475 0 0.270 0 0.133 0 0.90 123.00 20.00
6 Non-irrigation soil: sand, silt 0.520 1 0.356 1 0.178 3 0.90 160.00 18.00
7 Non-irrigation forest soil: sand, silt 0.512 8 0.338 9 0.159 7 0.80 143.00 17.00
8 Forest soil: sand, silt 0.526 5 0.372 9 0.196 3 0.50 88.00 15.00
3 Flood routing and water stage calculation from Wangjiaba to
Lutaizi
3.1 Flood routing with Muskingum method for the main channel and flood
diversion and retarding areas
For a sub-channel from cross section i to cross section i+1, iQ′ is the total inflow at
cross section i and 1iQ +′ is the outflow at
cross section 1i + (Figure 3). Water balance
and storage equations can be expressed as
1
d
d
i
i i
WQ Q
t+
′ ′
− = (3)
[ ]1(1 )i i i i i iW k x Q x Q +′ ′= + − (4)
in which dW is the volume change in storage
within the reach during a time step dt , the
volume storage iW is assumed to be related
to inflow ( iQ′ ) and outflow ( 1iQ +′ ), k is a
storage constant with dimensions of time, and
x is a weighting coefficient. The recurrence equation of the Muskingum method can be written
as
1 1
1 0 1 2 1
j j j j
i i i i i i iQ C Q C Q C Q
+ +
+ +
′ ′ ′ ′= + + (5)
where 0iC , 1iC and 2iC are the parameters of the Muskingum method and j is the serial
number of the time step. In the main channel with flood diversion and retarding areas, the total
inflow at cross section i is composed of four parts: (1) the total inflow ( iG ) from tributaries;
Figure 3 Sketch of the inflow and outflow of
the channel
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(2) the outflow from the main channel to the flood diversion areas, the left outflow ( FliQ ) and
the right outflow ( FriQ ); (3) the outflow to flood retarding areas, the left outflow ( SliQ ) and
the right outflow ( SriQ ); and (4) the inflow ( iQ ) of the upper channel. iQ′ can be written as
Fl Fr Sl Sri i i i i i iQ Q G Q Q Q Q′ = + − − − − (6)
The total outflow of cross section 1i + ( 1iQ + ) is composed of three parts: (1) the flow ( 1iQ +′ )
of the main channel; (2) the inflow from flood diversion areas, the left inflow Hl( 1)iQ + and the
right inflow Hr( 1)iQ + ; and (3) the inflow from flood retarding areas, the left inflow Gl( 1)iQ +
and the right inflow Gr( 1)iQ + . The outflow ( 1iQ + ) can be written as
1 1 Hl( 1) Hr( 1) Gl( 1) Gr( 1)i i i i i iQ Q Q Q Q Q+ + + + + +′= + + + + (7)
Combining Eqs. (5), (6) and (7), we form Eq. (8)
1 1 1 1 1 1 1
1 0 Fl Fr Sr Sl( )
j j j j j j j
i i i i i i i iQ C Q G Q Q Q Q
+ + + + + + +
+ = + − − − − +
1 Fl Fr Sr Sl( )
j j j j j j
i i i i i i iC Q G Q Q Q Q+ − − − − +
1 1 1 1
2 1 Gl( 1) Gr( 1) Hr( 1) Hl( 1) Hl( 1) Hr( 1) Gl( 1) Gr( 1)( )
j j j j j j j j j
i i i i i i i i i iC Q Q Q Q Q Q Q Q Q
+ + + +
+ + + + + + + + +− − − − + + + + (8)
FliQ can be calculated as
F li i iQ Q FN= (9)
where iFN is a split ratio coefficient in the flood diversion area.
The Muskingum discharge routing method is applied in the flood diversion area, and
outflow can generate only after it reaches full-storage. Flood routing is neglected in the flood
retarding area. Inflow and outflow are calculated based on the water balance equation.
3.2 Parameters of the Muskingum method in sub-channels of unequal
lengths
The Muskingum method is widely used in flood routing in China (Zhao 1983). The x and
k are parameters of the Muskingum method. In practical applications, x and k are estimated
using measured data from two hydrologic stations. In a long channel L, the estimated k is over
ten. For example, k is 36 for the channel from Wangjiaba to Runheji and 30 for the channel
from Runheji to Lutaizi. In order to obtain an accurate solution, the condition t kΔ ≈ should
be satisfied. Because the time step tΔ = 6, it is evident that k > tΔ and the channel can be
divided into m equal-length sub-channels (Zhao and Liu 1996). The parameters ik and ix of
every sub-channel are
km
t
=
Δ
, 1 1
2 2i
x m x§ ·= − −¨ ¸© ¹ , i
kk
m
= (10)
In this study, the channel from Wangjiaba to Lutaizi is divided into ten sub-channels of
unequal lengths, and parameters for unequal-length sub-channels are estimated. If l is the
characteristic river length , we have 12
2
l L x§ ·= −¨ ¸© ¹ , and
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12
1 1 1 12
2 2 2 2 2 2i i i i
L x
l Lx x
L L L
§ ·
−¨ ¸ § ·© ¹
= − = − = − −¨ ¸© ¹ (11)
As 0
LC
k
= (Zhao 1983), so
0
Lk
C
= , and we have
0
i i
i
L Lk k
C L
= = (12)
where Li is the length of the ith sub-channel, and C0 is the wave speed of steady flow.
3.3 Water stage simulating hydrologic method
There are at least three ways to forecast water stage: estimating stage from forecasted
discharge with a QH rating curve, using a corresponding crest-stage relation, and using a
dynamic routing method (Fread 1993). In this study, a new method has been developed. Based
on the theory of columnar storage and
wedge storage, the relation equation
between water stage and discharge can be
obtained (Zhao 1983). In Figure 4, water
stage 1-1 is the original height, and water
stage 2-2 is the subsequent height within
the reach during a dt time increment. The
change ( dW ) in channel storage can be
written as
D 1 U Dd d (d d )W BL Z BLx Z Z+˙ ˉ (13)
where B is the water surface width, L is the channel length, UZ and DZ mean the water stage
of the upper and lower cross sections, and 1x is the coefficient of water surface shape. Eq. (13)
can be turned into an integral equation with the integration variable being water stage. The
integral equation is written as
0 0 0D 1 U D D 1 U D 0
( ) ( )W BLZ BLx Z Z BLZ BLx Z Z W= + − − − − + (14)
where B is the average width of the water surface,
0U
Z and
0D
Z mean the original river
bed elevation of the upper and lower cross sections, respectively. On the basis of the physical
conceptualization, the original water storage W0 must be zero
0 0W = (15)
Assuming
0 01 U 1 D
(1 )W BLx Z BL x Z′ = + − , Eq. (14) can be simplified as
1 U 1 D( )W BLx Z BL x Z W ′= ˇ ˉ ˉ (16)
where W ′ is a constant for a specific channel segment. Assuming 1 U 1 D(1 )Z x Z x Z= + − , Eq. (16)
can be simplified as
W BLZ W ′= − (17)
Figure 4 Sketch of columnar storage and wedge storage
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The middle cross section area is variable along the irregular channel, so assuming that
VF BL= , Eq. (17) can be simplified as
VW F Z W ′= − (18)
where F is the water surface area of the channel and V is the surface area change of the middle
cross section along the irregular channel. Assuming that the water surface curve is a line and
the middle cross section stage is invariable, channel storage can be written in the following
form
D U 0
D
D
( )
1
2 2
V VH H L i iW F F Z W
Z
Δª º+ +ª º
′= = + −« »« »¬ ¼ ¬ ¼
(19)
where 0i is the channel bed slope, iΔ is the additional slope of the flood, DH is the water
depth of the lower cross section, and UH is the water depth of the upper cross section.
Substituting Eq. (18) into Eq. (19), we get the relation equation:
0
D
0
1
2
Li iZ Z
i
Δ§ ·
= − +¨ ¸© ¹
(20)
The characteristic river length equation (Zhao 1983) can be written as
0
0 0
Q Hl
i Q
§ ·∂
= ¨ ¸∂© ¹ (21)
where the subscript 0 means steady flow. Two corrected coefficients ( α and β ) are adopted to
represent unsteady flow. The relationship 0i iΔ can be written as
0
0 0
1/ lH Q Qi i
i Q x Q xβ
α
Δ
∂ ∂ ∂
= − = −
∂ ∂ ∂
(22)
Eq. (21) can be substituted into Eq. (22) and it is assumed that
D U,    
lE Q Q Q
L
α
= Δ = − (23)
where DQ is discharge of the upper cross section and UQ is discharge of the lower cross
section. Eq. (20) can be rewritten as
0 0
D 2 2
Li Li QZ Z E
Qβ
Δ
= − + (24)
Combined with the Muskingum discharge routing method, this method can be used to forecast
water stage. The following are recurrence equations.
1 1
0 1 1 2
j j j j j j j
i i i i i i iQ C Q C Q C Q
− −
−
= + + (25)
0 (1 )
j j j j j
i i i i iQ x Q x Q= + − (26)
1 1
1 12
j j j j j
i i i i i
tW Q Q Q Q− −
− −
Δ ª ºΔ = + − −¬ ¼ (27)
( )
1
j
j j i
i i Vj
i i
WZ Z
B L
−
Δ
= + (28)
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( )
1 0 0
0
2 2
j
j j i i i
i i i j
i
L i L i QZ Z E
Q
β
−
Δ
= − + (29)
where i means the ith cross section and j is the time step.
3.4 Diffusion wave nonlinear water stage method
The Lutaizi water stage, which is the downstream boundary, is calculated using the
method above. Another method is needed to calculate the water stage at other cross sections
from Lutaizi to Wangjiaba, the upstream boundary, because this channel normally experiences
sub-critical flow. If every cross section discharge Q is simulated with Muskingum method,
water stage Z is calculated with the equation of momentum conservation. On the basis of this
idea, the diffusion wave nonlinear water stage method has been developed.
Neglecting the inertia item, the equation of momentum conservation can be written as
f 0
Z S
x
∂
+ =
∂
(30)
where fS is defined as
2 2 2
f 2 2 2 4 / 3
Q n QS
A C R A R
= = (31)
and where A is the flow area of the section, C is the Chezy coefficient, R is the hydraulic
radius and n is roughness.
When Eq. (31) is substituted into Eq. (30), Eq. (30) can be rewritten as
2 2
2 4 / 3 0
Z n Q
x A R
∂
+ =
∂
(32)
in which the item ( Z
x
∂
∂
) can be turned into a four-point implicit difference scheme
( ) ( )( )1 11 11j j j ji i i i
i
Z Z Z ZZ
x x
θ θ+ ++ +− + − −∂
=
∂ Δ
(33)
where i means the ith cross section, j is the serial number of the time step and θ is the
difference factor. The item
2 2
2 4/3
n Q
A R
can be turned into a nonlinear difference scheme
1 12 2 2 2 2 2
2 4 / 3 2 4 / 3 2 4 / 3
1
1 1
2 2
j j
i i
n Q n Q n Q
A R A R A R
+ +
+
§ · § ·
= +¨ ¸ ¨ ¸© ¹ © ¹
(34)
When Eq. (33) and Eq. (34) are substituted into Eq. (32), Eq. (32) can be rewritten as
( )
1 12 2 2 2
1 1
1 1 2 4 / 3 2 4 / 3
1
1
2 2
j j
j j j j i i
i i i i
i i
x xn Q n QZ Z Z Z
A R A R
θ
θ θ θ
+ +
+ +
+ +
+
§ · § ·Δ Δ−
− = − − − −¨ ¸ ¨ ¸© ¹ © ¹
(35)
Therefore, water stage can be calculated with the iterative method. The values of the
parameters n, A and R can be obtained from the cross section information.
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3.5 Real-time correction
There are many methods for real-time correction. At least two kinds of methods are
widely used in China. The first is a combination of the forecast and the correction, such as the
CLS model and Muskingum method coupled with the Kalman filter (Zhu 1993). The second is
the use of a hydrologic model in combination with an error forecasting model. The error
regressive model with least-square regression is often used to forecast the error. In this study,
the second method was adopted. The parameters in the error regressive method can be
estimated with the faded-memory forgetting factor least-square method. The details can be
found in related literature (Lettenmaier and Wood 1992; Nemec 1986; Ge 1999).
4 Model calibration and application to 2007 flood season
Good representative data of eight flood events from 1969 to 2005 are used to calibrate the
parameters of the Muskingum routing method, water stage simulating hydrologic method and
diffusion wave nonlinear water stage method. Table 5 shows the parameters of each
sub-channel. For the diffusion wave
nonlinear water stage method, the actual
parameter is the Manning coefficient (n)
The values of n can be calculated and
calibrated using the cross section and
riverbed information. The calculated
results of Manning coefficients for 11
cross sections (Figure 2) of the study
river channel are 0.035, 0.035, 0.037,
0.037, 0.041, 0.041, 0.041, 0.041, 0.041,
0.016, and 0.016. Table 6 shows the
calibrated results for Runheji and
Lutaizi stations. Figure 5 shows the
model results for Runheji Station during the 2003 flood season.
Table 5 Parameters of each sub-channel from Wangjiaba to Lutaizi
Number of
sub-channel Li(km) ki xi
Number of
sub-channel Li(km) ki xi
1 13.92 7.00 1.51 6 13.80 9.09 2.13
2 17.56 7.00 1.10 7 13.70 9.09 2.15
3 17.14 8.56 1.13 8 24.97 16.46 0.95
4 17.55 9.77 1.10 9 8.05 5.32 4.01
5 13.39 10.00 1.58 10 14.58 24.00 1.50
The flood season from June to October of 2007 included the second largest flood of the
Huai River since 1954 (the largest flood in the last half century). An amount of rainfall greater
than 500 mm fell over an area of 28 800 km2. The rainfall caused the water stage of the main
Figure 5 Model results of 2003 flood at Runheji
Station (Flood number: 20030701)
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channels and tributaries to rise high over the flood guarantee standard. Two flood diversion
areas (Nanrunduan and Qiujia Lake) and two flood retarding areas (Mengwa and Jiangjia Lake)
were opened and 7.52×108 m3 of flood water were stored. A flood event from June 26 to July
30 of 2007 was forecasted and simulated with the system that included the Xin’anjiang model,
channel routing and water stage calculation. Figure 6 and Table 7 show the forecasted results
of Xin’anjiang model and Table 8 and Figure 7 show the forecasted and regulated results for
the channel from Wangjiaba to Luztaizi.
Table 6 Calibrated results of peak water stage and peak discharge at Runheji and Lutaizi stations
Year
Runheji Lutaizi
ǻ(m) Dy1 ı(%) Dy2 ǻ(m) Dy1 ı(%) Dy2
1969* 0.25 0.85 17.7 0.95 0.24 0.89 8.40 0.91
1971* 0.17 0.88 10.0 0.92 0.12 0.90 1.77 0.95
1972 0.11 0.85 8.0 0.89 0.12 0.89 6.80 0.93
1973 0.10 0.89 0.3 0.94 0.05 0.97 0.12 0.98
1980* 0.15 0.88 10.1 0.87 0.11 0.89 11.10 0.90
1982* 0.14 0.86 10.0 0.86 0.06 0.91 9.10 0.89
2003* 0.27 0.88 4.3 0.97 0.09 0.91 5.80 0.95
2005 0.10 0.91 5.1 0.95 0.08 0.90 2.70 0.93
Note: ǻ is the error of the forecasted peak water stage as compared with observed data; Dy1 is the coefficient of determination of
water stage simulation; ı is the relative error of the forecasted peak discharge; Dy2 is the coefficient of determination of discharge
simulation. *Flood diversion and retarding areas were considered.
A high forecast accuracy has been achieved in the upper reaches of the Huai River above
Wangjiaba. All of the total flood events’ simulation errors were in the range from 0 to 20%.
The discharge peak error at Wangjiaba was only 0.2%, which means this prediction can
provide a valuable basis for flood prevention and regulation in the middle stream of the Huai
River (Figure 6(a)). A high forecast accuracy was achieved at Jiangjiaji Station (Figure 6(b)).
At Fuyang Station, because the flood gates were controlled and regulated, the forecasted
discharge peak time came earlier than the observed discharge peak time.
Figure 6 Forecasted and observed discharge hydrograph of 2007
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Table 7 Forecasted results of Xin’anjang model for different hydrologic stations
(from June 26 to July 30 of 2007)
Station Rainfall(mm)
Observed
runoff
amount
˄104 m3˅
Forecasted
runoff
amount
˄104 m3˅
Relative
error
(%)
Observed
peak
discharge
(m3/s)
Forecasted
peak
discharge
(m3/s)
Relative
error
(%)
Dy
Xixian 527.4 376 227.8 320 149.9 17.5 4 330 4 537.3 4.8 0.84
Bantai 519.5 317 449.0 339 090.4 6.4 2 340 2 400.0 2.6 0.85
Huangchuan 441.3 54 434.0 50 543.1 7.7 1 480 1 658.1 12.0 0.86
Beimiaoji 467.9 70 599.7 67 840.5 4.1 1 490 1 423.4 4.4 0.85
Wangjiaba 487.6 869 923.9 891 047.9 2.4 7 240 7 224.9 0.2 0.97
Jiangjiaji 544.2 117 579.7 100 086.1 17.5 3 150 2 929.7 7.0 0.92
Hengpaitou 323.8 27 280.7 17 126.6 59.3 492 613.0 24.5 0.57
Fuyang 377.9 230 162.7 304 501.0 24.4 2 130 1 891.3 11.2 0.61
Table 8 Forecasted and regulated results of channels (from June 26 to July 30 of 2007)
Cross
section
Flood
regulation
method
Forecasted
peak
discharge
(m3/s)
Observed
peak
discharge
(m3/s)
Relative
error
(%)
Dy for peak
discharge
simulation
Forecasted
peak
water stage
(m)
Observed
peak
water stage
(m)
Absolute
error
(m)
Runheji
1 8 459.2 7 800 8.5 0.94 28.13 27.80 0.33
2 8 009.8 7 800 2.7 0.99 27.96 27.80 0.16
Lutaizi
1 9 000.8 7 880 14.3 0.91 26.22 25.96 0.28
2 8 042.7 7 880 2.1 0.96 26.07 25.96 0.11
Note: In method 1, flood diversion and retarding areas were not considered; in method 2, flood diversion and retarding areas were
considered.
From Figure 7, we know that the forecasted and regulated peak discharge and water stage
are higher without consideration of flood diversion and retarding areas than they are with
consideration of flood diversion and retarding areas. The flood retarding area of Mengwa was
opened from 12:38 on July 10 to 9:52 on July 12 of 2007 and used to store 2.5×108 m3 of flood
water. The flood retarding area of Jiangjia Lake was opened two times, from 15:24 on July 11 to
14:23 on July 13, and from 7:00 to 19:10 on July 19, 2007, and it was used to store 2.4×108 m3
of flood water. The flood diversion areas of Nanrunduan and Qiujia Lake were opened at
13:38 and 17:00 on July 11, 2007, and 2.62×108 m3 of flood water was stored. From Table 8,
we know that the peak discharges of 450 m3/s at Runheji and 1 000 m3/s at Lutaizi, and the
water stages of 0.17 m at Runheji and 0.15 m at Lutaizi are reduced separately through flood
diversion and retarding areas.
5 Conclusions and further study
Based on the rainfall runoff module of the Xin’anjiang model, the Muskingum routing
method, the water stage simulating hydrologic method, the diffusion wave nonlinear water
stage method and a real-time error correction method, a flood forecasting and regulating
system was developed for a complex watershed that includes flood diversion and retarding
areas. The system was successfully used for real-time flood forecasting of the Huai River, but
there are some problems that need further study.
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Figure 7 Forecasted and observed hydrograph of 2007 (Regulation method 1: flood diversion and retarding
areas were not considered; Regulation method 2: flood diversion and retarding areas were considered)
(1) The parameters WM and SM of the Xin’anjiang model are estimated according to the
soil structure of the watershed. The other parameters are calibrated. In a sub-basin without
observed discharge data, the parameters cannot be calibrated directly. They are first roughly
estimated from a sub-basin with the same hydrologic situation and then calibrated by the
whole flood forecasting system. Better methods for obtaining model parameters of a large
basin directly from the soil data and a DEM should be developed (Beven 1992; Beven et al.
1995; Bongartz 2003; Henriksen et al. 2003; Lacroix et al. 2002; Liu and Todini 2002; Todini
1996; Uhlenbrook et al. 2004).
(2) Because of its simplicity and efficiency, the Muskingum routing method is widely
used for channel flood forecasting in China (Zhao 1983). From Table 5 we know the
parameter ix of each sub-channel. If the parameter x of the whole channel is over zero, the
ix of a sub-channel is calculated with Eq. (11). A negative x can cause negative discharge at
the beginning of discharge routing. Eqs. (11) and (12) constitute a quasi-theoretical method.
Possible development of this theoretical method should be further studied (Kraijenhoff and
Moll 1986; Li 1997, 1998, 2001, 2002; Li and Bao 2005).
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